ABSTRACT
Nitric oxide (no) is a free radical that plays important roles as a signal molecule in physiological reactions where cGMP is involved (1) For this purpose, it is synthesized in a regulated manner by two constitutively expressed NO synthases for short periods of time (2) . However, NO can also be synthesized for longer periods of time in an apparently unregulated manner by an inducible nitric oxide synthase (iNOS), which is expressed in cells after activation by bacterial products like lipopolysaccharide and/or proinflammatory cytokines (3) . Although iNOS has been found to be expressed during the course of many human diseases (4) , which roles it plays in these diseases is still under discussion. NO, produced by iNOS, creates a NO-induced stress that may participate in inflammatory and autoimmune-mediated tissue destruction (5) . However, it has been indicated that depending on the situation and the site where NO is synthesized by iNOS, it may also exert gene regulatory or even protective effects (6, 7) . NO is known to inhibit the DNA binding activity of the yeast zinc finger transcription factor LAC9 and to induce Zn 2ϩ release in vitro from the zinc storage protein metallothionein via S-nitrosylation of cysteine thiol groups and subsequent disulfide formation, i.e., oxidation of SH groups (8) . Moreover, exogenously applied NO has been shown to induce Zn 2ϩ release within the cytoplasm and nuclei of cells (9) . These results suggest that zinc finger proteins may be primary targets of NO-derived stress.
A large and important family of zinc finger transcription factors is formed by the nuclear receptor superfamily (10) . Nuclear receptors contain a ligand binding domain in their carboxy-terminal half that also mediates trans-activation and DNA-independent dimerization and a highly conserved DNA binding domain (DBD) of 66 to 70 amino acids that is formed by two zinc finger structures in their amino-terminal part. Important properties of a nuclear receptor DBD are a specific recognition of hexameric core binding sites and a specific, directed dimerization with partner receptor DBDs. The two Zn 2ϩ ions in a nuclear receptor DBD have a critical role for the coordination of its tertiary structure through spatial arrangement of a few short ␣-helices that mediate a selective recognition of response elements with appropriately spaced core binding sites (11 (12, 13) . VDR and RXR bind as a heterodimeric complex to specific sequences in the promoter of 1␣,25(OH) 2 D 3 target genes, commonly referred to as 1␣,25(OH) 2 D 3 response elements (VDREs) (14) . Simple VDREs are formed by a directly repeated arrangement of two core binding motifs with three spacing nucleotides (DR3-type VDREs) or by an inverted palindromic arrangement with nine intervening nucleotides (IP9-type VDREs) (15) .
In the present study, complex formation between VDR, RXR, and VDREs was used as a model system for testing the effects of NO-generated stress on these zinc finger transcription factors. The results show that NO can inhibit VDR-RXR heterodimer complex formation in vitro as well as in vivo and provide a mechanism for a gene regulatory function of NO.
MATERIALS AND METHODS

NO donors
were synthesized as described (16, 17) . Denitrosylated SNOC (SNOC -NO ), denitrosylated MA-MA/NO (MAMA/NO -NO ), or denitrosylated DETA/NO (DETA/NO -NO ) were obtained by incubating a 100 mM stock solution of SNOC and a 50 mM stock solution of MAMA/NO, respectively, for 48 h at 37°C and a 50 mM stock solution of DETA/NO for 96 h at 37°C.
DNA constructs
The cDNAs for human VDR and human RXR␣ were subcloned into the pSG5 expression vector (Stratagene, Heidelberg, Germany) (18) . Oligonucleotides carrying either the DR3-type VDRE (core sequence AGAGGTCATGAAGGACA) of the rat ANF gene promoter (19) or the IP9-type VDRE (core sequence TGACCCTGGGAACCGGGTCCA) of the mouse c-fos promoter (20) were synthesized with flanking XbaI sites. The IP9-type VDRE was transferred together with the thymidine kinase (tk) promoter from the respective chloramphenicol acetyl transferase reporter gene construct (20) into the promoterless luciferase reporter gene plasmid pGL2 (Promega, Mannheim, Germany).
Gel shift assays
Linearized cDNA from VDR and RXR, respectively, were transcribed with T 7 RNA polymerase and translated using wheat germ extract as recommended by the supplier (Promega). Equal amounts of in vitro translated VDR and RXR proteins (VDR ivt and RXR ivt , 2.5 l each) or bacterially expressed GST-VDR and GST-RXR fusion proteins (VDR GST and RXR GST , kindly provided by P. Polly) were mixed and incubated in the absence or presence of 1 M 1␣,25(OH) 2 D 3 for 15 min at room temperature in a total volume of 20 l binding buffer (10 mM Hepes, pH 7.9, 100 mM KCl, 0.2 g/l poly[d(I-C)], and 5% glycerol, no reductants such as DTT). Indicated amounts of NO donors were added and the mixtures were incubated for 30 min or 1 h at 30°C. The DR3-type and the IP9-type VDRE, respectively, were labeled by a fill-in reaction using [␣-32 P]dCTP and the Klenow fragment of DNA polymerase I (Promega). In some experiments, 5 l of NO donor-treated or untreated wheat germ extract was added and incubation was continued for 30 min. Approximately 1 ng of labeled probe (50,000 cpm) was added to the receptor-ligand mixture and incubation was continued for 30 min. Protein-DNA complexes were resolved on a 5% nondenaturing polyacrylamide gel at room temperature in 0.5ϫ TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.3). The gels were dried and exposed to a Fuji MP2040S imager screen overnight. The ratio of free probe to protein probe complexes was quantified on a Fuji FLA2000 reader using Image Gauge software (Raytest, Sprockhövel, Germany). Experiments were performed at least in triplicate.
Transfection and luciferase assays
SV40-transformed African green monkey kidney COS-7 cells were seeded into 6-well plates (10 5 cells/ml) and grown overnight in phenol red-free DMEM supplemented with 10% charcoal-treated fetal calf serum (FCS). Liposomes were formed by incubating 1 g of the reporter plasmid, 0.25 g of pSG5-based receptor expression vectors for VDR and for RXR, and 1 g of the reference plasmid pCH110 (Pharmacia, Freiburg, Germany) with 15 g N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP, Boehringer Mannheim, Mannheim, Germany) for 15 min at room temperature in a total volume of 100 l. After dilution with 0.9 ml phenol red-free DMEM, the liposomes were added to the cells. Phenol red-free DMEM supplemented with 30% charcoal-treated FCS (500 l) was added 4 h after transfection. At this time, 1␣,25(OH) 2 D 3 (100 nM) or ethanol (0.1%) and the indicated concentrations of the NO donor DETA/NO or DETA/NO -NO were also added. The cells were lysed 20 h after onset of stimulation, using a reporter gene lysis buffer (Boehringer Mannheim), and the constant light signal luciferase reporter gene assay was performed as recommended by the supplier (Boehringer Mannheim). The luciferase activities were normalized in proportion to ␤-galactosidase activity and induction factors were calculated as the ratio of luciferase activity of ligandstimulated cells to that of solvent-treated controls.
RESULTS
NO inhibits VDR-RXR heterodimer complex formation
Two chemically different NO donors, the S-nitrosothiol SNOC and the diazeniumdiolate MAMA/NO, were used as an in vitro source for NO, as both donors have half-lives in the range of several minutes. MAMA/NO generates two molecules NO whereas SNOC releases only one NO per cysteine. In vitro translated VDR-RXR heterodimers were incubated with graded concentrations of SNOC and MAMA/NO, respectively, for 30 min at 30°C before complex formation with the DR3-type VDRE of the rat ANF gene promoter. The efficiency of the protein-DNA interaction was monitored by gel shift experiments using [ 32 P]-labeled response elements.
Increasing concentrations of both NO donors resulted in a dose-dependent reduction of VDR-RXR-VDRE complex formation (Fig. 1) . At a concentration of 2 mM, both NO donors completely abolished complex formation. In contrast, 2 mM of the negative controls, denitrosylated SNOC (SNOC -NO ) or denitrosylated MAMA/NO (MAMA/NO -NO ), had no effect, thus indicating that NO inhibited complex formation. Half-maximal inhibition (IC 50 ) of complex formation was estimated to be 0.55 mM for SNOC and 0.8 mM for MAMA/NO, the difference probably due to the different NO generation kinetics of the compounds. This demonstrates that NO has an inhibitory effect on VDR-RXR heterodimer complex formation on VDREs.
The inhibitory effect of NO on VDR-RXR complex formation is reversible
The next question was whether the inhibitory effect of NO on VDR-RXR heterodimer formation with VDREs is reversible. SNOC-treated VDR-RXR heterodimers were incubated for this purpose with nonprogrammed wheat germ extract (as a natural source of reductive activity) for 30 min at 30°C. This treatment appeared to fully restore the ability of VDR-RXR heterodimers to bind to their VDRE (Fig.  2, compare lanes 1-3) . In contrast, when nonprogrammed wheat germ extract was pretreated with Figure 1 . NO inhibits VDR-RXR heterodimer complex formation on a DR3-type VDRE. Gel shift experiments were performed using in vitro translated VDR and RXR and the DR3-type VDRE of the rat ANF gene. VDR-RXR heterodimers were preincubated with 1 M 1␣,25(OH) 2 D 3 at room temperature and incubation was continued in the presence of SNOC (A) or MAMA/NO (B) for 30 min at 30°C. The radiolabelled response element was subsequently added and the reaction was further incubated at room temperature for another 30 min. VDR-RXR-VDRE complexes were separated from the free probe on a 5% polyacrylamide gel. The gels were dried and exposed to a PhosphoImager screen. Representative gels are shown. Relative complex formation is presented, with reference to the control, in the absence of an NO donor. Columns represent means of triplicates and bars indicate standard deviation. SNOC, a concentration-dependent inhibition of the ability to restore VDR-RXR-VDRE complex formation was found (lanes 4 and 5), whereas SNOC -NO had no effect (lane 6). However, when SNOC-pretreated nonprogrammed wheat germ extract was added to untreated VDR-RXR heterodimers, maximal complex formation was observed (lane 7). This showed that after treatment of the wheat germ extract with 2 mM SNOC for 1 h, NO was no longer present in the system to mediate inhibitory effects on VDR-RXR complex formation. Under the chosen reaction conditions, the restoring activity was not due to new VDR-RXR protein synthesis (data not shown). These results indicate that nonprogrammed wheat germ extract contains a NO-antagonizing and restoring activity that itself can be blocked by NO.
NO inhibits dimerization of VDR with RXR
To investigate whether NO also affects heterodimerization of VDR and RXR, a combination of in vitro translated (ivt) and bacterially expressed glutathione-S-transferase fusion (GST) proteins were used. The latter were used with the idea that GST fusion proteins lack the restoring activity contained in the wheat germ extract. The ability of complex formation of VDR ivt -RXR GST heterodimers, VDR ivt -RXR ivt heterodimers, and VDR GST -RXR ivt heterodimers on the DR3-type VDRE was found to be almost identical (Fig. 3, lanes 1, 4, and 7) . As VDR and RXR do not bind to the VDRE as monomers, both were individually pretreated with SNOC before addition to the counterpart. When in vitro translated VDR was treated with 1 mM SNOC (lane 2) for 1 h (a period sufficient for complete disappearance of NO from the system; see Fig. 2 , lane 7) before RXR GST was added, formation of VDR ivt -RXR GST -VDRE complexes was found to be abolished. As a control, an effect was not observed after treatment with 1 mM SNOC -NO (lane 3). In the converse experiment, in vitro translated RXR was treated with either 1 mM SNOC (lane 5) or 1 mM SNOC -NO (lane 6) before VDR GST was added. The result was that the formation of VDR GST -RXR ivt heterodimers was also abolished when RXR ivt had been pretreated with SNOC. This showed that NO inhibits the heterodimerization of VDR with RXR and indicates that both heterodimeric partners are targets for the inhibitory effect of NO.
DNA bound VDR-RXR heterodimers are less sensitive to NO
In the experiments presented so far, VDR-RXR heterodimers were incubated with NO donors before binding to the VDRE, i.e., the influence of NO on VDR-RXR-VDRE complex formation was determined. When VDR-RXR heterodimers that had already bound to the VDRE were treated with graded concentrations of SNOC (Fig. 4) , the concentrations of SNOC required to induce a release of VDR-RXR heterodimers from VDREs were found to be two-to threefold higher than the SNOC concentrations required to inhibit the DNA binding activity of SNOC-pretreated VDR-RXR heterodimers (compare with Fig. 1 ). This indicated that DNA-bound VDR-RXR heterodimers appear to be more resistant to NO-induced stress than those that are not DNA bound. 
Ligand-bound VDR-RXR heterodimers are less sensitive than ligand-free VDR-RXR heterodimers
Complex formation of VDR-RXR heterodimers on DNA is known to depend on the type of VDRE and the presence of the 1␣,25(OH) 2 D 3 ligand (21, 22) . This raises the question of whether NO may modulate complex formation of liganded and unliganded VDR-RXR heterodimers on DR3-and IP9-type VDREs in different ways. Therefore, complex formations of VDR-RXR heterodimers with the DR3-type VDRE of the rat ANF gene (Fig. 5A) and with the IP9-type VDRE of the mouse c-fos gene (Fig. 5B) were analyzed in the presence and absence of 1␣,25(OH) 2 D 3 and graded SNOC concentrations. Four dose response curves were obtained, demonstrating the overall tendency that NO has an inhibitory effect on ligand-bound and ligand-free VDR-RXR heterodimers on both DR3-type and IP9-type . DNA-bound VDR-RXR heterodimers are less sensitive to NO. Gel shift experiments were performed using in vitro translated VDR and RXR and the DR3-type VDRE of the rat ANF gene. VDR-RXR heterodimers were preincubated with 1 M 1␣,25(OH) 2 D 3 at room temperature. In contrast to the previous experiments, the incubation was first continued with the VDRE for 30 min at room temperature, then graded concentrations of SNOC were added and the incubation was further continued for 30 min at 30°C. SNOC -NO (5 mM) served as a negative control. A representative gel is shown. Experiments were quantified as indicated in Fig. 1 . Relative complex formation is presented with reference to the control in the absence of SNOC. Columns represent means of triplicates and bars indicate standard deviation.
VDREs. The IC 50 values for ligand-bound (ϳ0.6 mM SNOC) and ligand-free (ϳ0.4 mM SNOC) VDR-RXR heterodimers, respectively, appeared to be identical on both VDRE types. However, the shapes of the dose response curves were found to be different: on the DR3-type VDRE the curve consistently declines, whereas on the IP9-type VDRE (up to a concentration of 0.4 mM SNOC) the curve slightly inclines by ϳ25% and then declines even faster than on the DR3-type VDRE. This suggests that at SNOC concentrations higher than 0.8 mM, VDR-RXR heterodimers appear to be more robust with a DR3-type VDRE than with an IP9-type VDRE, whereas SNOC concentrations lower than 0.4 mM were advantageous for VDR-RXR heterodimer binding to IP9-type VDREs, but not to DR3-type VDREs.
NO represses 1␣,25(OH) 2 D 3 signaling in transiently transfected cells
The final question was whether the in vitro effects of NO on VDR-RXR heterodimer formation can also be found in cultured cells. A luciferase reporter gene construct carrying the IP9-type VDRE fused to the minimal tk promoter was transiently transfected for this purpose, together with expression vectors for VDR and RXR, into COS-7 cells. After transfection, the cells were stimulated with 100 nM 1␣,25(OH) 2 D 3 or solvent (0.1% ethanol) and incubated with graded concentrations of the slow NO-releasing compound DETA/NO (half-life of 7.7 h at 37°C, pH 7.4 (9)). Twenty hours after treatment, luciferase activity was determined from cell extracts and 1␣,25(OH) 2 D 3 -stimulated gene activity was calculated. This resulted in a dose response curve showing a decline of 1␣,25(OH) 2 D 3 stimulation by increasing NO concentrations and an IC 50 value of ϳ0.4 mM DETA/NO (Fig. 6) . These results indicated that in vivo NO is also able to negatively modulate 1␣,25(OH) 2 D 3 signaling.
DISCUSSION
An inhibitory effect of NO on the heterodimerization and specific DNA binding of the two zinc finger transcription factors VDR and RXR, i.e., their complex formation with VDREs, was demonstrated in the present study in vitro for the first time. In addition, functional assays using transiently transfected COS-7 cells showed that NO represses also 1␣,25(OH) 2 D 3 signaling in vivo, which is the first confirmation that the effects of NO observed in vitro can be related to the in vivo situation. However, in addition to VDR-RXR heterodimer proteins, coactivator proteins and various proteins of the basal transcriptional machinery, the splicing apparatus and the translation machinery, should be considered because they are also involved in 1␣,25(OH) 2 D 3 signaling in vivo. Some of these proteins may also be targets for NO-induced stress. The NO donor concentrations used appear to be very high, but limited NO as well as the NO donors half-lives should be taken into account. It was recently shown that both 2 mM SNOC and 2 mM DETA/NO, respectively, mediate intracytoplasmic and intranuclear Zn 2ϩ release in cells in a comparable manner after 1 and 24 h, respectively (9) . According to first-order kinetic laws, 1 mM DETA/NO generates ϳ3 M NO/min, which is comparable to steady-state NO concentrations measured in the immediate vicinity of an activated cell monolayer (23) . Thus, effects of SNOC concentrations used in this study can be assumed to be comparable to effects that are mediated by iNOS-derived NO concentrations.
VDR-RXR heterodimers, which are already stabilized by complex formation with ligand and/or DNA, were found to be less sensitive to NO-induced stress. This indicates that under in vivo conditions, NO will mostly affect zinc finger transcription factors before they make contact with DNA or ligand, i.e., NO may have inhibitory effects mainly during induction phases, where complexes are formed. This also suggests that complex formation may be regarded as a protective mechanism against NO-induced or oxidative stress.
As shown in this report for VDR and RXR proteins, other members of the nuclear receptor superfamily probably are also sensitive to NO-induced stress. Most nuclear receptors form homo-or heterodimeric complexes on similar types of response elements, i.e., they follow the same mechanisms of complex formation with DNA and show quite comparable affinities for these protein-DNA interactions (12, 24) . This would extend the inhibitory effect of NO to basically all nuclear hormone signaling systems. Moreover, NO has been shown to inhibit the DNA binding activity of other redox-sensitive transcription factors such as AP-1 (25) and NF-B (26, 27) , which do not contain zinc finger structures but contain cystein residues within or nearby their DBDs. However, it can be expected that transcription factors lacking cysteines essential for DNA binding will not be affected by NO-induced stress. Transcription factors can probably be ranked according to their sensitivity to NO-induced stress, where those carrying zinc fingers are the primary targets. This suggests that the NO concentration that is generated in vivo during inflammatory processes is the critical parameter that determines which type of transcription factors may be affected in function.
Oxidative stress, generated by 20 mM H 2 O 2 , was found to destroy the DNA binding activity of the zinc finger transcription factor Sp1, but 30 mM of the reductant DTT was able to restore it again (28) . In this study the effects of NO-induced stress were shown to be reversed by using wheat germ extract, which provided reductive activity and more likely may mimic an intracellular milieu. Surprisingly, the inhibitory effect of NO was found to be fully reversible, which makes the regulatory potential of NO even more interesting. This would suggest that NO does not simply lead to an irreversible destruction of proteins that are sensitive to NO-induced stress, but can be antagonized by cellular redox systems such as the thioredoxin/thioredoxin reductase and glutathione/glutathione reductase cycles, isomerases, and chaperones (29) . Restoring zinc finger structures after NO-induced stress would allow for a more fine-tuned and specific regulatory action of NO. However, it has to be demonstrated whether zinc finger transcription factors are repaired or are most likely newly synthesized after faded NO-induced stress.
In conclusion, a mechanism is presented in this study that would allow for an understanding of the gene regulatory consequences of NO-generated stress during inflammation.
